Pseudomonas aeruginosa uses the type VI secretion system (T6SS) to inject effector proteins into rival cells in niche competition. Tse3, one of the effectors of T6SS, is delivered into the periplasm of recipient cells. Tse3 functions as a muramidase that degrades the -1,4-linkage between N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) in peptidoglycan, thus leading to lysis of the recipient cells and providing a competitive advantage to the donor cells. Here, the preliminary crystallographic study of Tse3 is reported. A crystal of Tse3 diffracted to 1.5 Å resolution. It belonged to space group C121, with unit-cell parameters a = 166.99, b = 70.13, c = 41.94 Å , = 90.00, = 90.52, = 90.00 and one molecule per asymmetric unit.
Introduction
Recently, the type VI secretion system (T6SS) of Gram-negative bacteria has been demonstrated to deliver effectors into host cells (eukaryotic and prokaryotic) through cell contact (Jani & Cotter, 2010; Hood et al., 2010; Russell et al., 2011; Schwarz et al., 2010) . The effectors that are exported by the T6SS are involved in many pathogenic and physiological processes, such as cytoskeleton modification of host cells, escape from predators, biofilm formation and interbacterial competition (Holland, 2010; Cascales, 2008; Hood et al., 2010; Pukatzki et al., 2007; MacIntyre et al., 2010; Russell et al., 2011; Ma & Mekalanos, 2010) . Although information has accumulated about this secretion system, its mechanism remains little understood (Gerlach & Hensel, 2007; Filloux et al., 2008) . The basic secretion machine is constructed of 13 'core' proteins which form an envelope-crossing tool and is essential for transport of the effectors (Cascales, 2008) . 20-25% of genome-sequenced bacteria possesses T6SSs and some have several T6SSs (Bingle et al., 2008; Boyer et al., 2009) . The structures of these T6SS components have revealed that some of them are homologues of the contractile phage tail. The proteins Hcp and VgrG are two structural components. They are secreted by T6SS and can be detected in the culture supernatant (Filloux, 2009; Cascales, 2008) . The hexameric ring of Hcp resembles the gp19 protein of bacteriophage T4, which is a phage-tail tube protein. A syringe-like structure formed by three VgrG proteins is homologous to the T4 phage spike complex (Pukatzki et al., 2007; Leiman et al., 2009; Pell et al., 2009) . Together, these two proteins constitute a tubular structure with Hcp at the bottom and VgrG at the top. This inverted bacteriophage-like tubular structure injects effectors into rival cells. In this regard, the procedure of target-cell recognition and effector transportation of T6SS is considered to be similar to that envisioned for the bacteriophage (Kanamaru, 2009) .
Pseudomonas aeruginosa is a common pathogen in chronically infected cystic fibrosis patients. There are at least three gene clusters in the P. aeruginosa genome that encode T6SS components named H1-T6SS [haemolysin co-regulated protein secretion island I (HSI-I)-encoded T6SS] to H3-T6SS (Mougous et al., 2006; Filloux et al., 2008; Hood et al., 2010) . The VgrGs are regarded as structural components of T6SS rather than effectors, although they are secreted into the milieu or host cells and some of them with C-terminal domains may interfere with the cytoskeleton of the host cells (Pukatzki et al., 2007; Ma et al., 2009) . Recently, three effectors controlled by H1-T6SS in P. aeruginosa have been identified and named Tse1-Tse3 (type VI secretion exported 1-3; Hood et al., 2010; Mougous et al., 2006) . Tse2 is delivered into the cytoplasm of rival cells and induces stasis by an unknown mechanism. Tse1 and Tse3, which are released into the periplasm of rival cells, induce the degradation of peptidoglycan, thus leading to lysis of the rival bacteria (Russell et al., 2011) . At the same time, P. aeruginosa utilizes cognate immunity proteins located in its periplasm to prevent intercellular self-targeting. T6SS immunity 1 (Tsi1) and T6SS immunity 3 (Tsi3) antagonize Tse1 and Tse3, respectively. These three effectors have been shown to endow P. aeruginosa with a great advantage during niche competition (Russell et al., 2011) .
Tse1 is an amidase that hydrolyzes the -d-glutamyl-meso-2,6-diaminopimelic acid (d-Glu-mDAP) bond and Tse3 is a muramidase that cleaves the -1,4-linkage between N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) (Russell et al., 2011) . Besides Tse1, there are also various type VI amidase effector (Tae) proteins which employ amidases with various bond specificities to cut the peptide chain of the peptidoglyan at different sites (Russell et al., 2012) . To date, structures of Tse1, the Tse1-Tsi1 complex and Tsi2 have been solved (Ding et al., 2012; Benz et al., 2012; Shang et al., 2012; Li et al., 2012; Zou et al., 2012) . The crystal structures of Tse1 and the Tse1-Tsi1 complex revealed that Tse1 is a novel amidase with a catalytic dyad and that the interaction between Tse1 and Tsi1 is highly specific and strong . The crystal structure of Tsi2 revealed that it functions as a stable dimer (Zou et al., 2012; Li et al., 2012) . However, structures of Tse3 and the Tse3-Tsi3 complex are not available. In this paper, we report the expression, purification and preliminary crystallographic analysis of Tse3.
Methods and materials

Molecular cloning
The gene encoding the fragment Tse3 1-402 (the UniProt accession code for Tse3 is Q9HYC5) was PCR-amplified from P. aeruginosa PAO1 genomic DNA using Pfu DNA polymerase. The forword oligonucleotide primer was 5 0 -GAAATTCCATATGACCGCCAC-CAAGCGAC-3 0 and the reverse oligonucleotide primer was 5 0 -TTTCTCGAGGTCGAGGAAGGTGGCGTAG-3 0 . NdeI and XhoI restriction-enzyme recognition sites (bold) were added to the forward primer and the reverse primer, respectively. The Tse3 fragment was cloned into the pET-21b(+) vector, resulting in the pET-21b-Tse3 1-402 plasmid encoding a C-terminally His 6 -tagged sequence. The construction was verified by sequencing and the pET21b-Tse3 1-402 plasmid was transformed into Escherichia coli strain BL21 (DE3) for protein expression.
Protein expression and purification
E. coli BL21 (DE3) cells containing the pET-21b-Tse3 1-402 plasmid were grown in Luria broth (LB) medium with 100 mg ml À1 ampicillin. IPTG was added to a final concentration of 0.1 mM to induce protein expression when the OD 600 reached 0.6, and the temperature was decreased to 289 K. The cells were collected by centrifugation (30 min, 12 000g) about 16 h later. The cells were resuspended in buffer A (20 mM Tris-HCl pH 7.5, 500 mM NaCl) and lysed by sonication. The supernatant obtained by centrifugation at 30 000g for 45 min was applied onto an Ni-chelating Sepharose (GE Healthcare) affinity column pre-equilibrated with buffer A. The affinity column was washed with buffer B (20 mM Tris-HCl buffer pH 7.5, 500 mM NaCl, 10 mM imidazole). Tse3 1-402 was eluted with buffer C (20 mM Tris-HCl buffer pH 7.5, 500 mM NaCl, 200 mM imidazole). Finally, Tse3 1-402 was purified using a Superdex 200 size-exclusion column (GE Healthcare) in buffer D (10 mM Tris-HCl pH 7.5, 300 mM NaCl). The fractions containing purified Tse3 1-402 were collected according to the protein purity as examined by SDS-PAGE; the final protein concentration for crystallization was 8 mg ml À1 .
Crystallization and optimization
Crystals of Tse3
1-402 were obtained at 293 K by the sitting-drop vapour-diffusion method. Tse3 1-402 (8 mg ml À1 ) was crystallized by mixing equal volumes (1 ml each) of protein solution and reservoir solution consisting of 0.05 M CaCl 2 , 0.05 M NiCl 2 , 0.05 M CdCl 2 , 15%(w/v) PEG 3350. The initial crystals of Tse3 1-402 appeared as multiple crystals that were not suitable for diffraction. The streakseeding method (Bergfors, 2003; Zhu et al., 2005) was employed to optimize the crystals. To prepare a microseed stock, the initial crystals were pulverized using a glass rod and diluted into 1 ml stabilizing 
Figure 1
Secondary-structure prediction based on the sequence of Tse3 (only the C-terminal part is shown) using the PSIPRED server. C, coil (represented by black lines); H, -helix (represented by pink tubes); E, -sheet (represented by yellow arrows). Conf, confidence of prediction (higher confidence is indicated by increased height and colour intensity of the rectangles). Pred, predicted secondary structure. AA, targeted sequence. The deleted sequence is indicated in a green box. 
Data collection and processing
Crystal diffraction data were collected using a MAR345 CCD detector at a crystal-to-detector distance of 200 mm on beamline BL17U1 at Shanghai Synchrotron Radiation facility (SSRF), Shanghai, People's Republic of China. The crystal was rotated through 180 with 1 oscillation and 1 s exposure per frame. In order to prevent radiation damage, the crystals were flash-cooled in a nitrogen stream at 100 K in the presence of reservoir buffer containing 15%(v/v) glycerol. The data collected were indexed, integrated and scaled with HKL-2000 (Otwinowski & Minor, 1997) . Data-collection statistics are listed in Table 1 .
Results and discussion
Full-length Tse3 1-408 was purified and screened for crystallization. However, no hits were found. Secondary-structure prediction using the PSIPRED server (Jones, 1999) indicated that the six residues at the C-terminus of Tse3 do not appear to form secondary structure, which probably hinders the crystallization of Tse3 (Fig. 1) . Therefore, the six residues at the C-terminus were deleted in an alternative construct while the catalytic domain was kept intact. The Tse3 fragment was inserted into the expression vector pET-21b(+) between the NdeI and XhoI restriction sites and eight extra residues (LEHHHHHH) were added to the protein, which had a molecular weight of 44.77 kDa and a theoretical pI of 7.80. Fortunately, this fragment crystallized. The crystallization condition was 0.05 M CaCl 2 , 0.05 M NiCl 2 , 0.05 M CdCl 2 , 15%(w/v) PEG 3350. The crystals were optimized using streak-seeding (Fig. 2) . 15%(v/v) glycerol was used as a cryoprotectant. The crystal diffracted to 1.5 Å resolution (Fig. 3 ) and belonged to space group C121, with unit-cell parameters a = 166.99, b = 70.13, c = 41.94 Å , = 90.00, = 90.52, = 90.00
. The solvent content was about 53.82%, with a corresponding Matthews coefficient (Matthews, 1968) of 2.66 Å 3 Da À1 and one molecule per asymmetric unit. Since Tse3 is a member of the G-type lysozyme family (Russell et al., 2011) , we attempted to solve the structure of Tse3 by the molecular-replacement method using the coordinates of goose egg-white lysozyme (GEWL; PDB entry 154l; Weaver et al., 1995) have been obtained. The structure of Tse3 will be solved using either the single-wavelength or the multiple-wavelength anomalous diffraction (SAD or MAD) method (Terwilliger, 2003) . Diffraction pattern of Tse3 1-402 collected using a MAR345 CCD detector on the BL17U1 beamline at SSRF. The resolution rings are shown as violet circles. The data collected were processed to 1.5 Å resolution.
